Effects of practicing on feature search tasks (a 2°square target amid 1°square distracters) for 5 days were compared between 45 visually impaired (VI) subjects with severe to profound low vision and 23 age-matched normal controls (NV). Search accuracy and speed improved in both groups. VI subjects had larger training gains than NV subjects, but their proportional gains were similar to that of NV subjects. There were no significant differences in training effect at different set sizes in both groups. Search performance on a 40°fi eld improved more than that on a 10°or 20°field in VI subjects, but not in NV subjects. No significant change was found between day 5 and 1-month follow-up. The fact that feature search training is equally efficient in VI and NV subjects encourages development of general purpose perceptual training protocols for low vision rehabilitation.
Introduction
Human subjects with normal vision can learn to find a visual target amid a set of distracters faster and more accurately (Ahissar & Hochstein, 1996; Ahissar & Hochstein 1997; Ahissar, Laiwand, Kozminsky, & Hochstein, 1998; Anandam & Scialfa, 1999; Ball, Beard, Roenker, Miller, & Griggs, 1988; Ellison & Walsh, 1998; Friedman-Hill & Wolfe, 1995; Ho & Scialfa, 2002; Leonards, Rettenbach, Nase, & Sireteanu, 2002; Nakayama & Mackeben, 1989; Scialfa, Jenkins, Hamaluk, & Skaloud, 2000; Scialfa & Joffe, 1998; Sireteanu & Rettenbach, 1995 Steinman, 1987; Theeuwes & Kooi, 1994; Treisman & Gelade, 1980) . This has been demonstrated in young and old subjects (Kramer, Martin-Emerson, Larish, & Andersen, 1996; Madden & Nebes, 1980; Salthouse & Somberg, 1982; Scialfa & Joffe, 1998) , and for feature search, conjunction search and other more complicated search tasks (Ahissar & Hochstein, 1996; Anandam & Scialfa, 1999; Ball et al., 1988; Ellison & Walsh, 1998; Fisk, McGee, & Giambra, 1988; Ho & Scialfa, 2002; Menneer, Barrett, Phillips, & Donnelly, 2004; Scialfa et al., 2000; Treisman & Gelade, 1980) . Learning to perform search tasks involves attention (Ahissar & Hochstein, 1993) . Individuals may learn to deploy attention more efficiently through training (Ahissar & Hochstein, 1996; Anandam & Scialfa, 1999; Ball et al., 1988; Ho & Scialfa, 2002; Scialfa et al., 2000; Treisman & Gelade, 1980) . Practicing on search tasks also reduces the number of saccadic eye movements (Scialfa & Joffe, 1998) .
How well a group of subjects can do a search task and whether they can be trained to do the task better may not be easily derived from results from a different population, and may have to be established through empirical studies. Many studies have shown that older subjects with normal vision search less accurately and more slowly than younger subjects, and that the outcomes of search training might depend on the search task (Anandam & Scialfa, 1999; Kramer et al., 1996; Madden & Nebes, 1980; Salthouse & Somberg, 1982; Scialfa et al., 2000) . In simple tasks such as feature search, the training effect of older 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.07. 001 subjects can be as large as that of younger subjects (Anandam & Scialfa, 1999) . In more complicated tasks such as conjunction search or useful field of view (UFOV) the training effect of older subjects progresses slower and is smaller in amplitude than younger subjects (Ball et al., 1988; Scialfa et al., 2000) . In some search tasks, such as semantic category search, performance improvement may be difficult to achieve for older subjects (Fisk, Hertzog, Lee, Rogers, & Anderson-Garlach, 1994) .
Current knowledge about visual search and visual search training has been obtained almost exclusively from normal subjects. An unstated, but crucial assumption in these studies is that all search items are simultaneously available for visual processing. The deployment of covert attention, perhaps the programming of overt eye movements, depends on a seamless map of the neural activities of the search area, prepared by a parallel, pre-attentive processing (Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989) . Through training, regions with less relevant information can be ignored more quickly and more accurately so that attention can be deployed more efficiently to more probable locations of the target.
This normal search routine, however, is likely to be interrupted in subjects with severe visual impairment (VI). In the advanced stage of retinal diseases such as age-related macular degeneration (AMD) and diabetic retinopathy (DR) neural cells in one or more regions of the retina are partially or completely lost, resulting in holes (scotomata) in the visual field. In advanced cases of glaucoma and retinitis pigmentosa, neural cell loss starts in peripheral retina and closes in on the fovea, resulting in severely constricted visual field. When VI subjects perform a search task, it is to be expected that some search items will fall into scotomata, and thus will not be available for pre-attentive processing without overt eye movements. This should result in longer search times. Studies on normal subjects have demonstrated that small artificial central scotomata have a detrimental effect on visual search (Bertera, 1988; Murphy & Foley-Fisher, 1988) . A study on visual search performance of four AMD patients showed that they took more time to complete a feature search task than normal subjects (Knoblauch, Mazoyer, Koenig, & VitalDurand, 2001 ). Coeckelbergh and colleagues (Coeckelbergh, Cornelissen, Brouwer, & Kooijman, 2002) asked 50 current drivers with visual field defects of heterogeneous origins to search for an ''O'' in an array of 19 ''Cs''. They found that it took these subjects a very long time (>10 s) to find the target. In a recent study (Kuyk, Fuhr, & Liu, 2005) , feature search performance of 49 subjects with severe to profound low vision was tested on nine set-size and field-size combinations, and their performance was compared with that of a group of age-matched normal controls. The VI subjects searched less accurately and more slowly than the normal controls. However, their search behavior, judged by the reaction time · set-size slopes, fell into the realm of parallel search. This behavior might be explained by a ''piecemeal parallel search'', in which the subject made more than one inspection of the search area to compensate for the lost visual field, but performed a parallel search in each inspection. In a sense, the loss of part of the visual field seems to have the effect of necessitating overt components of search behavior in VI subjects.
It is of practical interest to know whether VI subjects can be trained to do visual search better. Deployment of attention and control of eye movement are crucial components for accomplishing daily visual tasks. They have been extensively practiced, seamlessly integrated, and highly automated through years of practice. In the advanced stage of late onset retinal diseases, these components and the cooperation between them are likely to be interrupted. Compensating for the loss in these components and reestablishing their cooperation through practice, for example, training to establish a preferred or trained retinal locus (PRL) in an intact location of the retina, training to use the PRL as the perceptual as well as the oculo-motor center, are among the goals of low vision rehabilitation (Fletcher, Shindell, Hindman, & Schaffrath, 1991; Schuchard, 1995 Schuchard, , 2005 Schuchard, Naseer, & de Castro, 1999 ).
In the study described in this paper, we tested the hypotheses that subjects with severe to profound low vision could learn to perform feature search more efficiently and that the performance improvement would persist over time. Feature search training was studied because it has been demonstrated that the training effect for this task is robust in older normal subjects and comparable to that of younger normal subjects both in magnitude and time course.
Methods

Subjects
Forty-five VI subjects and 23 subjects with normal vision (NV) were recruited from the Birmingham Department of Veterans Affairs Medical Center and Birmingham community support groups for persons with visual impairment. The VI subjects were 35-91 years of age (median age 77 years, 25-75 percentiles: 68-81 years) and all had vision loss to the level of severe to profound low vision (<20/200 best corrected visual acuity, and/or <20°visual field (World Health Organization, 1977) ). The diagnoses were 32 AMD (71.1%); 2 glaucoma (4.4%); 3 DR (6.7%), 2 retinitis pigmentosa (4.4%), 4 optic nerve diseases (8.9%), one vascular occlusion (2.2%), and one detached retina (2.2%).
The 23 NV subjects were 46 to 82 years of age (median age 71 years, 25-75 percentiles: 52-78 years). Inclusion criteria for NV subjects were: eye examination within 6 months prior to enrollment; no diagnosed or apparent retinal pathology or past retinal surgery; not using medication or drugs that might affect vision; and visual acuity better than or equal to age-adjusted median values.
All subjects were free of significant cognitive impairment as determined with the Short Portable Mental Status Questionnaire (Pfeiffer, 1975) . The study was approved by the Institutional Review Board of the Birmingham Veterans Affairs Medical Center and conducted in accordance with the Declaration of Helsinki.
The sensory visual function measures of visual acuity (VA) and contrast sensitivity (CS) were determined binocularly, as were the visual search tasks under study. Binocular VA was assessed with the BaileyLovie High Contrast Acuity Chart at a viewing distance of three meters.
If the top line could not be read at 3 m, the viewing distance was reduced to one meter. Contrast sensitivity was assessed using the Pelli-Robson chart (Pelli, Robson, & Wilkens, 1988) with surface luminance of the white areas at 100 cd/m 2 . Viewing distance was 1 m and sensitivity was scored in log CS as the faintest triplet for which two of the three letters were named correctly.
Feature search task
The feature search task we used has been reported previously (Kuyk et al., 2005) . Briefly, subjects searched for a white, 2°· 2°square (target) amid white 1°· 1°squares (distracters) on a black background. A target or a distracter could appear at one of the 36 locations of a 6 · 6 virtual square grid. The 6 · 6 grid had three sizes, 10°· 10°, 20°· 20°and 40°· 40°. Three display set-sizes, 8, 16 and 32 items, were used with each field-size. Therefore, there were a total of 9 field-size and set-size combinations ( Fig. 1) , each of which was run in a separate experimental block. Prior to the experiment, each subject was given a demonstration of the task.
Each experimental block contained 36 target-present trials (one for each position on the 6 · 6 grid) and 9 target-absent trials. The smaller number of target-absent trials was intended to reduce the duration of the training session so that most of our older subjects could complete it without getting tired. The subject was asked to use keys on the computer keyboard to indicate as fast as possible the presence or absence of a target. One feature search session contained all 9 feature search blocks (3 fieldsizes · 3 set-sizes · 45 trials = 405 trials), and took about 1 h, including breaks between blocks. The testing order of the 9 feature search blocks within each session was randomized. The hit rate (percentage of reporting a target on a target-present trial) and the reaction time on correct targetpresent trials (RT for a hit) were used for analyzing search performance.
Procedures
On five consecutive days all subjects completed a daily session of feature search tasks (3 field-sizes · 3 set-sizes). Then all subjects completed a final feature search session 1 month after the training ended. Table 1 summarizes age, VA and CS of the two subject groups. There was no significant difference in age among the VI and NV groups (Kolmogorov-Smirnov Zvalue = 0.84, p = 0.475). As expected, the groups differed significantly in VA and CS (F = 157 for VA; F = 112 for CS; p < 0.0005 for both), indicating severe visual impairment for the VI group.
Results
Visual functions of VI and NV groups
Feature search performance at baseline
On Day 1, the hit rates for VI and NV groups were 95.4 ± 4.9% and 98.1 ± 1.7%, respectively, and the difference was significant (F = 12.76, p = 0.001). On Day 1, the mean RT for the VI group was 1632 ± 653 ms, which was slower than 1086 ± 155 ms of the NV group, and the difference was significant (F = 21.29, p < 0.0005).
Although VI subjects searched more slowly, they seemed to search in parallel since their RT · set size curves had very shallow slopes (average of 2.1 ms/item). This was somewhat steeper than that of NV subjects (average of À0.67 ms/item), but the difference was not significant (F < 1.86, p > 0.178). However, the slopes for both groups were clearly shallower than the 10 ms/item criteria generally assumed to represent the upper boundary of parallel search.
3.3. Search training effect 3.3.1. Accuracy
As shown in Fig. 2a , hit rates of both VI and NV groups steadily improved through the 5-days of training. VI subjects showed a larger improvement (from 95.4% in Day 1 to 97.6% in Day 5) than NV subjects (from 98.1% to 99.2%), but even after training VI subjects were still not as accurate as NV subjects. Proportionally, the accuracy of the NV group improved 1.1% while the accuracy of the VI group improved 2.3%. A repeated measures analysis of hit rate was conducted, with training days (5, TRAIN), set-size (3, SET) and field-size (3, FIELD) as within-subjects variables, and subject groups (VI-trained and NVtrained) as the between-subjects variable (GROUP). The main effects of TRAIN (F = 5.15, p = 0.0005) and GROUP (F = 17.92, p < 0.0005) were significant, corroborating the observation of Fig. 2a . The effect of FIELD (F = 25.02, p < 0.0005) and the interaction of FIELD * GROUP (F = 9.30, p < 0.0005) were significant, indicating that a larger search area caused more errors in both groups but that VI subjects' performance was worse than NV subjects on a large field. The insignificant interaction for TRAIN * GROUP (F = 0.51, p = 0.726) suggests that the effect of training on hit rate followed similar time courses for both groups, even though NV subjects' improvement seemed to have saturated at Day 3 while VI subjects still showed improvement until Day 5. 
Reaction time
As shown in Fig. 2b , both VI and NV groups showed steady shortening of RT through the 5-days of training. The VI group showed larger absolute improvements (from 1632 ms in Day 1 to 1317 ms in Day 5) than the NV group (from 1086 ms in Day 1 to 938 ms in Day 5), but even after training their average RT was still several hundred ms slower than the NV group after the training. Proportionally, the overall RTs of the VI and NV groups improved 19.3% and 13.6%, respectively. A TRAIN · SET · -FIELD · GROUP ANOVA showed significant TRAIN (F = 14.81, p < 0.0005) and GROUP (F = 16.53, p < 0.0005) effects, corroborating the observation of Fig. 2b . The TRAIN * GROUP interaction was not significant (F = 1.57, p = 0.1825), suggesting that VI and NV groups had similar time courses. SET (F = 4.38, p = 0.0143) and FIELD (F = 25.73, p < 0.0005) effects were significant, indicating larger set-size and field-sizes took longer to search. FIELD * GROUP (F = 9.37, p < 0.0005) and SET * GROUP (F = 4.02, p = 0.021) were significant, suggesting that VI subjects were more affected than NV subjects by larger field size and more numerous distracters.
Set-size effect change during training
To further illustrate how performance on different setsizes might change with training, VI and NV data were analyzed separately in TRAIN · SET · FIELD ANOVAs. As shown in Fig. 3a , hit rates of the VI group improved with training at all 3 set-sizes. However, the three curves were similar in height and shape, with the exception of 32-item at Day 1. These observations were confirmed by a significant TRAIN effect (F = 11.78, p < 0.0005), an insignificant SET effect (F = 0.80, p = 0.453), and a significant TRAIN * SET interaction (F = 2.71, p = 0.007). As shown in Fig. 3c , RTs of the three set sizes of the VI group improved in a similar manner with training, but the 32-item set-size always produced longer RT than 8-and 16-item set sizes. The observation was confirmed by a significant TRAIN effect (F = 23.86, p < 0.0005), a significant SET effect (F = 5.28, p = 0.007), and an insignificant TRAIN *-SET interaction (F = 0.33, p = 0.956). Fig. 3b and d show the effect of training on hit rate and RT of the NV group at different set sizes. The patterns were similar to those of the VI-trained group. Both hit rate and RT improved significantly with training (p < 0.0005). Different set-size did not produce a significant difference in hit rate (F = 0.64, p = 0.533), but did produce a significant difference in RT (F = 5.21, p = 0.010). The time courses of the three setsizes were similar for hit rate but marginally different for RT (F = 2.00, p = 0.05).
The slope of the RT · Set size line is an indicator of search efficiency. A shallow slope, for example, <10 ms/ item, usually indicates a state of automation, or pop-up. Least square lines through RTs of 8, 16 and 32-item set-sizes were calculated for each subject, and RT · Set size slopes of Day 1 and 5 were analyzed. A TRAIN · FIELD · GROUP ANOVA showed no significant TRAIN effect (F = 0.85, p = 0.360), indicating no training-related change in RT · Set slope. There was no significant GROUP effect (F = 2.09, p = 0.154), suggesting that VI and NV groups had similar RT · Set slopes. When each group was analyzed alone, RT · Set, the slope change between Day 1 and Day 5 was not significant for VI (2.07 and 3.38 ms/item; F = 0.36, p = 0.551) or NV (À0.67 and 0.82 ms/item; F = 2.34, p = 0.142) groups. The insignificant training effect on RT · Set size regression line slopes were expected, because these slopes were already very shallow at inception. Taken together, training had a similar effect on different set-sizes in both NV and VI subjects.
Under the most difficult, 32-item conditions, the VI group's accuracy improved from 95.9% on Day 1 to 97.1% on Day 5 while the NV group's accuracy improved from 98.1% to 99.1%. The proportional accuracy gains of the VI and NV groups were 1.3% and 1.0%, respectively (Figs. 3a and b) . The VI group's RT improved from 1666 ms on Day 1 to 1367 ms on Day 5 while the NV group's RT improved from 1087 ms to 952 ms. Proportional RT improvements of the VI and NV groups were 17.9% and 12.4%, respectively (Figs. 3c and d) .
Field-size effect change during training
As shown in Fig. 4a , hit rates of the VI group improved with training at all 3 field-sizes. However, curves of the 10°a nd 20°fields were flatter and higher than the curve of the 40°field. These observations were confirmed by a significant FIELD effect (F = 30.70, p < 0.0005) and a significant TRAIN * FIELD interaction (F = 2.58, p = 0.01). As shown in Fig. 4c , in VI subjects, RT of different field sizes seemed to follow different training time courses. Curves of the 10°and 20°fields were flatter and much lower than the curve of the 40°field. These observations were confirmed by a significant FIELD effect (F = 34.13, p < 0.0005) and a significant TRAIN * FIELD interaction (F = 4.35, The pattern was similar to that of the VI-trained group, with the exception that TRAIN * FIELD interactions were insignificant for both hit rate (F = 1.61, p = 0.127) and RT (F = 1.34, p = 0.226), indicating training had similar effect on all field sizes in NV subjects.
Under the most difficult, 40°field conditions, the VI group's accuracy improved from 92.4% on Day 1 to 96.1% on Day 5 while the NV group's accuracy improved from 97.6% to 98.8%. The proportional accuracy gains of the VI and NV groups were 4.0% and 1.2%, respectively (Figs. 4a and b) . The VI group's RT improved from 1958 ms on Day 1 to 1527 ms on Day 5 while the NV group's RT improved from 1177 ms to 1006 ms. Proportional RT improvements of the VI and NV groups were 22.0% and 14.5%, respectively (Figs. 4c and d) .
Least square lines through RTs of 10°, 20°and 40°field-sizes were calculated for each subject, and the RT · Field slopes of Day 1 and 5 were analyzed. A TRAIN · SET · GROUP ANOVA showed no significant TRAIN effect (F = 2.72, p = 0.105), indicating no training-related change in RT · Field slope. There was a significant GROUP effect (F = 30.24, p < 0.0005), suggesting that VI and NV groups had different RT · Field slopes. While the average RT · Field slope of the VI group changed from 16.4 ms/deg at Day 1 to 10.9 ms/deg at Day 5, the improvement did not reach statistical significance (F = 3.33, p = 0.076). For the NV groups, the slope change from 5.34 ms/deg at Day 1 to 4.09 ms/deg at Day 5, and the difference was also not significant (F = 3.10, p = 0.094).
The insignificant results, however, might be caused by trying to fit RT · Field data with a straight line. As shown in our previous paper (Kuyk et al., 2005) , and also in Fig. 4 , for VI subjects, RTs of the 10°and 20°fields were very similar to each other but very different from RT of the 40°field. We therefore calculated the slope of the line connecting RTs of the 20°and 40°fields, and repeated the analyses. For the VI-trained group, the slope between 20°and 40°fields changed from 26.8 ms/deg at Day 1 to 16.6 ms/deg at Day 5, and the change was significant (F = 8.68, p = 0.006). The fact that the RT · Field slope became shallower after training suggested that VI subjects improved more on a 40°field than on a 10°or 20°field. For the NV-trained group, the slope changed from 5.6 ms/deg at Day 1 to 3.9 ms/deg at Day 5, and the change was not significant (F = 2.61, p = 0.122). Taken together, training seemed to have different effects on different field-sizes in VI subjects but not in NV subjects. VI subjects, search was particularly slow with the large field at the beginning but training helped to partially lessen the difference. NV subjects, on the other hand, were less affected by field size to begin with, and thus showed no difference in the training effect with field size.
Training effect retention
A TRAIN · SET · FIELD · GROUP ANOVA was used to analyze data of Day 5 and 1-month follow-up of the VI and NV groups. There was no significant TRAIN effect in either hit rate (F = 1.48, p = 0.230) or RT (F = 1.53, p = 0.221), indicating no change between search performance on last day of training and 1-month followup. Therefore, the training effect seemed to persist after 1 month without practice. GROUP effects were significant for both hit rate (F = 15.92, p < 0.0005) and RT (F = 13.61, p = 0.001), indicating that VI subjects still searched less accurately and more slowly than NV subjects after training.
Training effect on RT of target-absent trials
In normal subjects, search training usually results in less steep RT · Set regression line slopes, a sign of more efficient attention deployment (Anandam & Scialfa, 1999; Ellison & Walsh, 1998; Scialfa et al., 2000) . We did not see such change in either NV or VI subjects, but the reason could be that the slope was not steep to begin with. The RTs analyzed so far were RTs for target-present trials, which are usually faster and more automated than RTs for target-absent trials (Treisman & Gelade, 1980) . In our study, we used only 9 target-absent trials per block so that the training protocol would not be too strenuous for our older subjects. However, analyses of RT for these trials, RT CR (RT for correct rejection), may still be informative. Compared to the RTs of target-present trials shown in Fig. 2b , RTs of target-absent trials shown in Fig. 2c were much slower. For the VI group, RT CR was reduced from 3396 ms on Day 1 to 2882 ms on Day 5 (a 15.1% improvement). For the NV group, RT CR was reduced from 1579 ms on Day 1 to 1433 ms on Day 5 (a 9.2% improvement). These training effects were significant (F = 4.85, p = 0.001), but the interaction between them was not (F = 0.45, p = 0.775). Therefore, VI and NV subjects got faster in rejecting a target-absent trial through training and they followed similar time courses in doing so.
RT CR for VI and NV subjects at different set sizes are shown in Figs. 3e and f, respectively. It is obvious that a substantial set-size effect existed throughout the 5 days of training, that is, searching fewer items was always faster than searching more items. For the VI group, the set-size effect got smaller with training, due to the more rapid improvements under the 16 and 32-item conditions. The RT CR · Set size slopes of the VI group reduced from Day 1's 40.7 ms/item to Day 5's 20.4 ms/item, and the difference was significant (F = 8.64, p = 0.006). For NV group, the RT CR · Set size slopes were 9.01 ms/item for Day 1 and 10.21 ms/item for Day 5, and the changes of the RT CR · Set size slopes were not significant (F = 0.209, p = 0.653). VI subjects started with a very slow, item-by-item search (steep RT CR · Set size slopes), and obtained significant automation after training (significantly shallower RT CR · Set size slopes). NV subjects started with a very efficient, parallel search (very shallow RT CR · Set size slopes) and had little room for improvement through training. The RT CR · Field size data for VI and NV groups are shown in Figs 4e and f. There is a substantial field-size effect throughout the 5 days of training, that is, searching a smaller field was always faster than searching a larger one. The RT CR · Field size slopes between 20°and 40°field sizes were calculated. For the VI group, the RT CR · Field size slope reduced from Day 1's 33.0 ms/deg to Day 5's 15.2 ms/deg, and difference was significant (F = 6.65, p = 0.014). For the NV group, the RT CR · Field size slope reduced from Day 1's 9.1 ms/deg to Day 5's 0.6 ms/deg, and difference was also significant (F = 7.39, p = 0.013). This again demonstrated that search performance improved more on larger fields than on smaller fields.
The VI group enjoyed larger absolute RT CR improvements than the NV group. Under the 32-item set size conditions, the VI group improved from Day 1's 3567 ms to Day 5's 2988 ms while the NV group improved from 1749 ms to 1542 ms. The proportional training effects of the VI and NV groups were 16.2% and 11.8%, respectively (Figs. 3e and f) . Under the 40°field size conditions, the VI group improved from Day 1's 3541 ms to Day 5's 3020 ms while the NV group improved from 1807 ms to 1533 ms. The proportional training effects of the VI and NV groups were 14.7% and 15.2%, respectively (Figs. 4e and f) .
Discussion
While many studies have shown that practice can improve visual search performance in young and old normal subjects, the ability to learn cannot be taken for granted. Significant differences exist in terms of the degree of improvement each group can achieve, and there may be visual search tasks that younger subjects can learn to do better while older subjects can not (Batsakes & Fisk, 2000; Fisk et al., 1994; Rogers & Fisk, 1991) . We studied the effect of practicing visual search on subjects with severe to profound low vision caused by retinal diseases. This is a population whose ability to learn efficient visual search has not been established. For this population, if and to what extent they can be trained is not just an academic curiosity, but may have profound practical values on their rehabilitation. In this study, we demonstrated that practice could improve feature search performance in subjects with severe to profound low vision and that the training effect persisted for at least 1 month after training ended.
In evaluating differential perceptual training between VI and NV groups, two differences may be observed, the differences in time course and differences in magnitude of training effect. In young and old normal subjects, feature search performance typically improves rapidly in the first 2 or 3 sessions, and then more gradually approaches an asymptotic level with further training. Ellison & Walsh (Ellison & Walsh, 1998 ) trained 3 undergraduates on 3 pop-out tasks, one of which was searching for a 0.9°open square among an array of 0.34°open squares. The subjects practiced 300 trials of each task each day for 8 days. The biggest performance improvement was observed in the first three days of training. For example, their RT was shortened by about 35% from day 1 to day 4, and the total RT shortening of 8 days was 38%. Anandam & Scialfa (1999) trained older and younger subjects with normal vision to do feature search in seven 432-trial sessions, and found that older subjects' performance kept on improving for at least 6 days. In our study (Fig. 2b) , NV subjects' average RT showed an obvious training effect saturation on Day 4 while VI subjects' average RT improved from Day 2 to Day 5 at a steady rate, and might have kept on improving had more training being given. Similarly, in Fig. 2c , the improvement of RT CR of NV subjects appeared to saturate at Day 3, while there was still improvement in VI subjects RT CR between Day 4 and Day 5. However, when overall search accuracy and speed of the VI and NV groups were analyzed, the RT TRAIN * GROUP interactions were not significant, indicating the two groups followed similar training time courses.
Using a rather difficult feature search training task, Anandam & Scialfa (1999) found that the RT changes between training session 1 and 7 were 187, 277 and 512 ms for 2, 4 and 8 search items for their normal younger subjects, and were 229, 377 and 596 for their normal older subjects. Our data clearly demonstrated that VI subjects benefited from search training and that they showed larger performance gains than the NV group. To quantify the difference in training gains between VI and NV groups, we calculated training gains, defined as the differences between Day 5 and Day 1 performances, under all set-size and fieldsize combinations. All but two (RT for 8-item/10°field and hit rate for 8-item/40°field) distributions of training gains deviated significantly from normal distributions (Kolmogorov-Smirnov test for normal distribution). A non-parametric, Kolmogorov-Smirnov two-independent sample test was used to compare training gains of VI and NV groups. Among the hit rate gains obtained under the 9 search conditions, the VI group showed significantly larger gain than the NV group under one condition (8-item/ 40°field, p = 0.043) and marginally larger gain in another (16-item/10°field, p = 0.055). The VI group showed significantly larger gains in RT than the NV group under 4 of the 9 search conditions (p < 0.012), marginally larger gains under three more conditions (p = 0.053, 0.055 and 0.06), and similar gains under two conditions (p = 0.094 and 0.920). Therefore, VI subjects seemed to enjoy a larger training gain than NV subjects, at least in improving search speed. We also calculated proportional RT gains, defined as (Day 1 RT À Day 5 RT)/Day 1 RT. All distributions of proportional RT gains were not significantly different from normal (Kolmogorov-Smirnov test for normal distribution, p > 0.167), and an ANOVA showed proportional gains of the VI and NV groups were not significantly different (F between 0.079 and 1.218; p between 0.780 and 0.274). Therefore, proportionally, feature search training was equally efficient for visually impaired and age-matched normal subjects. Although we would prefer to see VI subjects having larger proportional gains than NV subjects, equal training efficiency is still encouraging news for people looking for ways to improve visual performance of low vision patients.
It was possible that our subjects made large improvements within the 9 search blocks of the first training session. There also might be performance variations within each subsequent session. However, since the 9 blocks in each session had different set-size/field-size combinations, and the practicing order of these blocks was randomized session by session, the within-session variation was likely to be buried in the variation of search conditions. We thus did not analyze within-session variations.
In order to accommodate the poor vision of our VI subjects, we chose to use high contrast, large size search items, and the size difference between the target and distracters was large. As a consequence, the search feature was highly salient and the task was easy, which left only small room for improvement. A larger training effect may be achieved by customizing training tasks according to individual's functional vision so that a substantial amount of attentional and oculomotor effort has to be made to complete the task. What mechanism(s) underlies the training effect observed in VI subjects? In subjects with normal vision, practicing search results in faster attention deployment and/or fewer saccades. In our experiments where search items were pseudo-randomly placed and subjects' eyes were free to move, it was almost certain that visual search of VI subjects had to involve eye movements. In our previous paper (Kuyk et al., 2005) , we proposed that VI subjects made several inspections of the search area, and performed parallel search in each inspection. Training might improve efficiency of each parallel search, or improve eye movement control between inspections, or both.
Recording of eye movements during search training should help to determine how training improves search efficiency. In normal subjects, it has been shown that the number of saccades during a search trial is correlated with psychophysical RT (Scialfa & Joffe, 1998; Zelinsky & Sheinberg, 1997) , and the duration of first fixation is negatively correlated with the number of saccades (Scialfa & Joffe, 1998) . However, in simple feature search (orientation, contrast polarity or color) normal subjects usually make only 1 saccade (Scialfa & Joffe, 1998; Zelinsky & Sheinberg, 1997) , and a larger set-size does not seem to require more saccades (Zelinsky & Sheinberg, 1997) . Furthermore, when requested, normal subjects can perform visual search without eye movements (Klein & Farrell, 1989; Scialfa & Joffe, 1998; Zelinsky & Sheinberg, 1997) . In VI subjects where portions of the field being viewed are likely to be obscured, eye movements are almost mandated, even in simple feature searches, and the number of saccades should be larger than that found in normal subjects. The contribution of better eye movement control to the overall training effect could be assessed by comparing pre-and post-training number of saccades and saccade durations. Because an eye tracker can ensure consistent initial fixation at each search trial, RTs for targets inside and outside of scotoma at the beginning of trials may be distinguished. If a VI subject does perform piecemeal parallel search, then targets outside a scotoma at the beginning of trials should not require any eye movement, and should elicit faster responses that depend only on attention deployment. By comparing pre-and post-training RT of in scotoma versus out of scotoma target locations, the amount of attention allocation improvement may be assessed. Studies along this line may shed light on the underlying mechanisms for visual search training in VI subjects. Eye movements were not recorded in the present study because of time constraints on the subjects and because visual search was just one component of the research, mobility performance being the other.
Finally, is there any practical use for visual search training on VI subjects? If search training is task specific, that is, if the training gain is confined only to the task that has been trained, then VI subjects may not benefit much from such training. On the other hand, if something learned from search training, whether it is attention deployment or eye movement control, can be transferred to other tasks, search training may become a valuable tool for low vision rehabilitation. Ahissar and Hochstein (Ahissar & Hochstein, 1997) indicated that training on easy-conditions results in high-level learning effects, which might be easier to generalize. Training on more difficult conditions might result in low-level learning, which is task specific. It is not clear whether these findings from normal subjects can be applied to VI subjects. Pambakian, Mannan, Hodgson, & Kennard (2004) trained homonymous hemianopia patients to do visual search tasks. They found significant shortening of search RT after training. They also found that the patients performed faster in activities of daily living tasks, such as coin collection and bead threading. While partial blindness caused by cortical trauma or stroke is quite different than low vision caused by retinal diseases in mechanisms, symptoms, potential of recovery and rehabilitation strategy, this study did suggest that search improvement through training might be translated to daily activities.
Conclusions
Patients with severe vision loss due to retinal diseases can perform feature search, and their performance can be improved through repeated training. The maximum training effect of approximately 20% can be achieved in a few thousand trials and seems to persist after training is stopped. The fact that feature search training is equally efficient in VI and NV subjects encourages development of general purpose perceptual training protocols for low vision rehabilitation. Larger training effects may be achieved by using more demanding tasks, larger fields, and more target-absent trials.
